There is no knowledge of winter plant phenology and its controlling factors on the Qinghai-Tibetan Plateau (QTP). Thus, we conducted a 4 year winter phenology and growth dynamics study in the alpine meadow on the eastern QTP.
INTRODUCTION
With the exception of tropical zones, plants show seasonal growth dynamics in natural habitats, experiencing variable vegetative growth, flowering, fruiting and finally a state of leaf death and fall (excluding evergreens) (Körner, 2003) . On the eastern Qinghai-Tibetan Plateau (QTP), due to high elevation (3500 m above sea level), the climate is characterized by a long, cold winter and strongly seasonal temperature fluctuation, resulting in a relatively short growing season and obviously seasonal growth dynamics (Wang et al., 2014b; Shen et al., 2015; Yang et al., 2015a) . For example, the growing season commonly runs from May to September, and plants do not die back until October, when the surface soil freezes (Xiang et al., 2009; Dong et al., 2010; Liu et al., 2011) . Based on this understanding, plant phenological studies and vegetation monitoring on the QTP have only been conducted during growing seasons (Liu et al., 2011; Wang et al., 2014a; Yang et al., 2015b) , and the winter life of plants on the QTP is thus usually neglected.
However, many previous studies have revealed that some arctic and alpine plants adopt the 'evergreen' and 'winter-green' leaf development strategies to exploit the short growing season effectively. Examples include the evergreen dwarf shrubs Rhododendron ferrugineum in the Alps (Pornon and Lamaze, 2007) , Ledum palustre in Greenland (Molau, 1993) and the 'winter-green' grasses Festuca ovina and Deschampsia cespitosa on Niwot Ridge, USA (Bell, 1974) and King Christian Island (Bell and Bliss, 1977) . Although the eastern QTP has a similar environment, there is no report on whether plants adopt similar development strategies.
In high-altitude zones, snow is an important factor affecting microclimate (e.g. soil temperature and moisture) (Körner, 2003) . It prevents plants from being exposed to extreme low temperatures (Wheeler et al., 2014) , with stable soil temperatures (Decker et al., 2003) , and allows plants to absorb moisture from the surrounding air even when the soil is frozen (Tranquillini, 1964) . Thus, changing snow cover may further affect plant activity in winter. As demonstrated by Wipf et al. (2009) , the phenology and growth of four dwarf-shrub species were significantly influenced by alteration of snow depth. In the past four decades, due to global warming, winter warming on the eastern QTP has continuously increased (Liu and Chen, 2000; Xu et al., 2017) and winter snow has decreased Hu and Liang, 2014) . Therefore, studying the relationship between environmental factors and winter phenology will assist us in understanding the role of snow cover change in the region's carbon cycle under global warming.
As most phenological and growth dynamic studies on the QTP have been conducted during the growing season, there is little systematic record of biological activities in winter. Hence, we conducted field research on winter phenology and growth dynamics in the alpine meadow on the eastern QTP between 2013 and 2017, to test the following hypotheses: (1) due to a similar environment in arctic and alpine areas, there are some 'winter-growth' and 'winter-green' species in the alpine meadow on the eastern QTP; (2) the 'winter-growth' phenomenon made an important contribution to the annual carbon storage in the QTP and greatly affected the summer populations; and (3) the change in soil moisture induced by snow cover influenced winter phenology and plant growth.
MATERIALS AND METHODS

Study site description
The field observation was conducted in an alpine meadow in Hongyuan County on the eastern QTP, China (32°26′N, 102°22′E, 3570 m above sea level) (Fig. 1) , where the plateau continental climate is characterized by a short growing season and a long, cold winter. The topography of the study area is a typical alpine plain, with wide meandering river valleys dotted among low hills, forming flat alpine meadows (FAMs), marsh alpine meadows (MAMs) and alpine slope meadows (ASMs) from the terraces to the hill tops (Fig. 2 ). Wind interacting with topography redistributes snow, which may cause different soil moisture levels between leeward and windward sites. Therefore, three types of alpine meadows -FAMs, MAMs and ASMs -were chosen to investigate the plants in winter and to explore the physical constraints on winter growth. The FAMs were leeward sites, and both the MAMs and ASMs were on windward slopes.
In Fig. S1 .
Data source
Air temperature (T air ) data were downloaded from the China Metrological Data Sharing Service System (http://data. cma.cn/). A HOBO meteorological station (Onset Computer Corporation, Cape Cod, MA, USA) was installed at Long Ri Ba County to record photosynthetically active radiation (PAR).
MODIS 8 d snow cover products (MOD10A2) with 500 m spatial resolution from the National Snow and Ice Data Center (NSIDC) (https://nsidc.org/) were selected for the estimates of snow cover fraction (SCF) in Hongyuan County. We downloaded all 46 image data between November and the following February from 2014 to 2017.
On 29 October 2014, three Thermochron iButton temperature loggers (set at 1 h intervals) (DS1921G, Maxim Semi-Conductor Corporation, Dallas, TX, USA) and three soil water sensors (set at 24 h intervals) (Decagon Devices Inc., USA) were randomly embedded in the soil (5 cm below the surface) to record the soil temperature and soil moisture at each study site.
Snow cover fraction in the study area
Maximum snow extents were extracted from MOD10A2 image products for snow cover analysis. The data were reprojected and converted to WGS_1984_UTM_Zone_48N in GeoTIFF format using MRT (MODIS Reproject Tool). Then the maximum snow extents of Hongyuan County were clipped out based on the boundary of the county in ArcGIS 10.4.
Monthly snow cover was calculated according to 8 d maximum snow extent based on the maximum value composite (MVC) technique. When snow covered a pixel for 1 d or more in a month, the pixel is marked as snow covered. Otherwise, the most frequent surface feature (except cloud) represents the surface feature in this pixel during the month. The composite rule is described in Table 1 (Wang et al., 2011) . 'winter-growth' and 'winter-green' species From November 2013 to March 2017, we investigated 'winter-growth', 'winter-green' and 'summer-green' species in the FAMs, MAMs and ASMs (n = 3). From January 2014 to March 2017, eight individuals of each winter growing species were randomly selected and marked within each permanent quadrat set for W/S investigation (six individuals for Geum aleppicum), to conduct phenology recording on 'winter-growth' and 'winter-green' species every 5 d, except that Gentiana microphyta was planted in pots. The following phenological stages were used: (1) seed germination or green-up; (2) vegetative growth; (3) bud formation; (4) flowering; and (5) seed ripening or leaf colouring. It was difficult to distinguish the bud formation phase for perennial plants; thus, for these plants, the period from visible bud until the end of flowering was classified as the flowering phase. We also documented the date (as Julian day number) when 25 % of marked individuals flowered and greened up, to explore the environmental factors controlling winter phenology. This day is denoted 'first flowering date' (FFD) or 'green-up onset date' (GUD).
Regular phenological observation of
Winter above-ground biomass dynamics and its contribution to the annual above-ground biomass
In order to discriminate the 'winter-green' species and 'winter-growth' species, we recorded the above-ground biomass (AGB) for each species every month in winter of 2014-2015. The AGB was investigated in three random quadrats every month (1 × 1 m) in the three study sites. The proportion of monthly AGB in winter relative to the annual AGB was calculated to describe the contribution of the monthly AGB to the annual AGB. In 2015, annual AGB production of the species was investigated again in three random quadrats (1 × 1 m) in the three study sites in summer (July and August) when it reached a maximum. All green parts in random quadrats were harvested and oven-dried at 65 °C for 48 h and then weighed (± 0.01 g) to measure AGB for all species. A very small number of G. microphyta individuals were scattered in the study sites, and G. heleonastes, G. sp. and G. veitchiorum plants were found in winter 2015. Thus, we did not investigate the winter AGB of these species. All the study sites were prevented from being grazed by wire fence exclosures.
The importance of the winter population to the summer population
The percentage of winter abundance relative to the summer population for forbs and the percentage of absolute coverage for grasses (W/S) were calculated to describe the importance of the winter population to the summer population. The abundance of forbs or absolute coverage m -2 of grasses in the permanent quadrats (n = 3, 1 × 1 m) were recorded every month for each species in winter of 2014-2015. Meanwhile, the abundance of forbs or absolute coverage m -2 of grasses were measured again in summer in 2015, to calculate finally W/S. If the W/S was >100 %, this indicated that all the individuals of the summer population came from winter plants, whereas a W/S <100 % indicated that the 'winter-growth' and 'winter-green' individuals only comprised part of the summer plant population and most individuals of the summer population initiated growth in the spring.
Criteria for winter plants classification
Criteria for winter plant classification were: (1) if the AGB showed an increasing trend during winter, these species were grouped into 'winter-growth' species; (2) if the AGB showed a decreasing trend, the species were grouped into 'winter-green' species; and (3) the species which remained dormant in winter were grouped into 'summer-green' species.
Statistical analysis
Repeated-measures analysis of variance (ANOVA) was used to determine the effects of the study site and month on the ST, SM, AGB and W/S. General linear model (GLM) tests were performed to examine the effects of the month on the percentages of winter AGB relative to annual AGB. To explore the effects of the ST and SM on the AGB, stepwise regression analysis was used to measure the relationships between the ΔAGB (AGB next month -AGB last month ), the ΔSM (SM next month -SM last month ) and the ΔST (ST next month -ST last month ). Correlations between winter phenology and environmental variables were obtained using the Pearson's correlation coefficient. SPSS 22.0 was used for all statistical tests, and Origin 9.2 was used to draw all the figures.
RESULTS
Inter-annual changes of winter environmental variables
In the growing season (May-October), the average daily T air was -1.4 to -16.7 °C. At the end of the growing season (October), the frequency of frost increased (days with the lowest temperature below zero degrees per month in October) by 85 % in 2014, by 71 % in 2015 and by 58 % in 2016. From November to February, the average daily T air was <0 °C and extreme cold temperatures (days with the lowest temperature below -20 °C from November to February) occurred frequently. At its lowest, the T air even reached -30.8 °C, and the highest T air reached 16.9 °C (Fig. 3A) . The daily total PAR of January was 54.92 % of the level in July, and it was 96.7 % of the level in October (Fig. 3B) .
The repeated-measures ANOVA of the ST and SM showed that the effects of the year and study site on the ST and SM were highly significant (Supplementary Data Table S1 ). During our study period, the monthly average ST in winter was highest in winter of 2016-2017 (-0.82 °C) and lowest in winter of 2015-2016 (-1.29 °C), while the SM was highest in winter of 2015-2016 (17.26 %) and lowest in winter of 2016-2017 (6.87 %) (Fig. 4) . Among the study sites, the monthly average ST in winter was highest at the FAMs (-0.86, -1.12 and -0.86 °C in winter of 2014-2015, 2015-2016 and 2016-2017, respectively) , and lowest in the SAMs (-1.15, -1.33 and -1.09 °C). In addition, the monthly average SM was also highest at the FAMs (11.78, 19.43 and 8.37 % in winter of 2014 FAMs (11.78, 19.43 and 8.37 % in winter of -2015 FAMs (11.78, 19.43 and 8.37 % in winter of , 2015 FAMs (11.78, 19.43 and 8.37 % in winter of -2016 FAMs (11.78, 19.43 and 8.37 % in winter of and 2016 FAMs (11.78, 19.43 and 8.37 % in winter of -2017 , and lowest at the MAMs (8.05, 15.11 and 5.79 %) (Fig. 4) .
The average SCF was the highest in winter of 2015-2016 (40.19 %) , lower in winter of 2014-2015 (37.59 %) and lowest in the winter of 2016-2017 (11.26 %) (Fig. 5) . The SCF was positively correlated with SM (P = 0.000), negatively correlated with both T air (P = 0.000) and ST (P = 0.031), and SM and ST were negatively correlated (P = 0.012) ( Table 2) . 'winter-growth', 'winter-green' and 'summer-green' species There were 107 species in total in the sites, comprising ten 'winter-growth' species, four 'winter-green' species and 93 'summer-green' species (Table 3 ; Supplementary Data Table S2 ). In the 14 species growing in winter, F. ovina and D. cespitosa were the dominant species in the study sites, and the remaining species were the associated species. There were two families of 'wintergrowth' species -Asteraceae (one species) and Gentianaceae (nine species) -of which Gentianaceae was the most abundant (Table 3) , and three families of 'winter-green' species -Rosaceae (one), Caryophyllaceae (one) and Poaceae (two) ( Table 3) . Based on Raunkiaer's life form system, the life forms of the 'wintergrowth' species were mainly hemicryptophytes (n = 3, 30 %) and biennials (n = 7, 70 %) (Table 3 ). 'Winter-green' species were all hemicryptophytes (n = 4, 100 %). 'Summer-green' species included hemicryptophytes (n = 67, 72.04 %), followed by annuals/biennials (n = 13, 13.98 %) and geophytes (n = 13, 13.98 %). Compared with the 'summer-green' species, the proportion of annual/biennial species increased in the 'winter-growth' species, and all the biennial species were gentians (Table 3) . Detailed descriptions of 'summer-green' species can be found in Supplementary Data Table S2 .
Species composition and the life form of the
The phenological pattern of 'winter-growth' and 'winter-green' species All the biennial gentians formed floral buds in winter. The seeds of biennial gentians germinated from May to July, followed by a phase of floral bud formation from early October to March, finally rapidly commencing spring flowering. Gentiana microphyta and G. tatsienensis completed flowering before May, and the other species flowered in this period (Fig. 6) . Artemisia frigida and G. sino-ornata began vegetative propagation in winter. When the leaves from the summer began to wither in September, the rosette bases of G. sino-ornata grew new leaves and, simultaneously, the ground rhizomes of A. frigida produced new ramets. In early spring (March to April), these ramets rapidly began vegetative growth and then flowered and fruited from August to September (Fig. 6 ). For 'winter-green' species, Deschampsia cespitosa, Festuca ovina, Cerastium arvense and Geum aleppicum all maintained vegetative growth in winter and green up onset occurred in the late winter (Fig. 6 ).
Winter AGB dynamics and its contribution to the annual AGB
For all species, the month and study site significantly influenced the AGB (P = 0.000). In the 'winter-growth' species, the AGB of A. frigida increased in November and December, while the AGB of the biennial gentians (G. spathulifolia, G. tatsienensis, G. syringea and G. crassuloides) and G. sino-ornata displayed an increasing trend in winter (Fig. 7A, B) . For the remaining 'winter-green' species, the AGB of D. cespitosa, F. ovina, C. arvense and Geum aleppicum decreased in winter (Fig. 7B-D) . The winter AGB of all the biennial gentians accounted for considerable portions of the summer AGB. In particular, the AGB of G. spathulifolia in February accounted for >20 % of the summer AGB. For the remaining species, a small amount of AGB was produced in winter (Table 4) .
The importance of the winter population to the summer population
In the 'winter-growth' species, the W/S values of the gentian species (G. spathulifolia, G. syringea, G. tatsienensis, G. crassuloides and G. sino-ornata) were all >100 % (Fig. 7A, B) . In other words, all the individuals of the summer populations resulted from 'winter-growth'. For one 'winter-growth' species (A. frigida) and all the 'winter-green' species (D. cespitosa, F. ovina, C. arvense and Geum aleppicum), the W/S values were all <100 %; thus, the surviving individuals formed part of the summer populations and some individuals growing in spring constituted part of the summer populations (Fig. 7B-D) .
Stepwise regression of the ΔAGB with the ΔST and the ΔSM in diverse species
Separate analyses revealed that the ΔST and the ΔSM significantly affected the ΔAGB of F. ovina (R 2 = 0.93; P = 0.000), D. cespitosa (R 2 = 0.96; P = 0.000), C. arvense (R 2 = 0.68; P = 0.000) and A. frigida (R 2 = 0.45; P = 0.046) (Fig. 8) . The ΔAGB values of F. ovina, D. cespitosa, C. arvense and Geum aleppicum were positively related to the ΔSM; in contrast, the ΔAGB values of A. frigida and G. sino-ornata (R 2 = 0.62; P = 0.000) were negatively related to the ΔSM (Fig. 8) . The ΔAGB values of F. ovina, D. cespitosa, C. arvense and A. frigida were all positively controlled by the ΔST, and none of the biennial gentians was significantly related to the ΔSM or the ΔST (Fig. 8) . The positive relationship between the ΔSM/ΔST and the ΔAGB indicated that the more the ΔSM/ΔST decreased, the more the AGB decreased, and the negative relationship between the ΔSM and the ΔAGB indicated that the more SM decreased, the less AGB increased.
The correlation coefficient between environmental variables and winter phenology
The winter phenology of D. cespitosa, F. ovina, G. spathulifolia and C. arvense showed significant differences during our study period, and for the remaining species there was no significant difference in the winter phenology (Fig. 6) . For D. cespitosa, F. ovina and C. arvense, correlation analysis indicated that the GUD was positively correlated with T air and ST, but negatively correlated with SCF and SM, indicating that with increasing T air and decreasing SCF, the GUD would be delayed (Table 5 was found to be positively linked to SCF and SM, but negatively related to ST and T air (P = 000), indicating that with increasing SCF, and decreasing T air , the FFD would be delayed (Table 5) .
DISCUSSION
Based on our 4 years of continuous observation in the alpine meadow on the eastern QTP, we found a significant tendency for the AGB to increase for most species during winter, which indicated that more biological activity occurs in winter than previously thought. This result was in contrast to the commonly accepted opinion that little biological activity occurs during winter (Campbell et al., 2005) . In our study, many species do not completely die back or lie dormant but, rather, start to grow new leaves or ramets or transition to reproductive growth in winter, even blossoming in winter, such as G. spathulifolia. Therefore, these findings confirm our first hypothesis.
In the temperate tundra and arctic areas, plants adopt various leaf development strategies to use the short growing season effectively, and one of the them is the 'winter-green' growth pattern described by Sørensen (1941) . 'Winter-green' leaves develop and grow partially during the previous summer, mature in the next summer and die at the end of summer (Sørensen, 1941; Bell, 1974) . According to Sørensen's definition, the plants in our study were all 'winter-green' species. However, when we focus on the dynamic changes of the functional characteristics of the alpine meadow in winter, e.g. above-ground carbon storage, 'winter-green' may not provide a good description of the contribution of the plant growth during the winter to the annual carbon balance. Thus, in terms of the AGB increase, the plants that we found in winter were grouped into 'winter-green' and 'winter-growth', which had the advantage of enabling researchers to predict the dynamics of the contribution of winter growth to the annual carbon balance. Meanwhile, the changes in the soil temperature and soil moisture had different effects on the 'winter-growth' and 'winter-green' species. Thus, it also could remind us to consider the different responses between the two development strategies when predicting the effects of soil moisture change on AGB.
The onset date of green-up on the QTP derived from remote sensing is usually in April or May (Yu et al., 2010; Shen et al., 2013; Zhang et al., 2013; Zhang et al., 2014) . Our results from the field-based phenological observation contrast with green-up data based on remote sensing (Fig. 6 ). This discrepancy between field observation data and satellite data in detecting the green-up date may be due to the spatial resolution of satellite data (Ding et al., 2013; Chen et al., 2015) . In fact, satellite data-based research of the green-up date has detected a significant increase in the normalized difference vegetation index (NDVI) in January in the QTP, which was thought not to influence the beginning of the green-up date (Zhang et al., 2013a) . Meanwhile, the decrease of snow cover could not explain the NDVI increase in the non-growing season . In addition, unreasonable CO 2 uptake signals using the openpath eddy covariance system (Saito et al., 2009 ) and positive gross primary production in the non-growing season have also been detected in the QTP (Kato et al., 2006) . Thus, our groundbased phenological observation in winter could help to explain the unreasonable NDVI increase and CO 2 uptake in the nongrowing season.
Moreover, our results regarding growth dynamics displayed a non-negligible contribution of winter growth to the annual AGB, especially for G. spathulifolia (23.26 %), G. tatsienensis (10.07 %) and G. crassuloides (14.74 %). A previous study of the seasonal dynamics of carbon budgets in the QTP only considered respiration in winter and neglected the contribution of plant growth at this time, revealing that the QTP was a weak carbon sink (Kato et al., 2006) . Consequently, the alpine meadow in winter may have been a CO 2 sink to the atmosphere from 2013 to 2017 and the increases of plant photosynthesis in winter could also offset the carbon lost from roots or respiration of micro-organisms, which may play a more important role in global carbon sequestration. Based on our growth dynamics investigation, we found that the 'winter-growth' individuals of some species account for a large proportion of their summer populations, even >100 % for the gentians (e.g. G. syringea, G. crassuloides and G. sinoornata) . In other words, if all the 'winter-growth' individuals die in the winter, the summer populations will be greatly affected or even disappear, which implies that the winter growth phenomenon has a great influence on the summer populations and supports our second hypothesis. 'Winter-growth' species still photosynthesize in winter, indicating that the photoperiod does not seem to prevent growth and that winter growth is most unlikely to be an opportunistic behaviour. However, even if the daytime air temperature may be above 0 °C, extremely low temperatures occur frequently on the eastern QTP. Whether to protect from frost or to maintain reproductive growth under low temperatures, the investments for plants are huge (Hemborg and Karlsson, 1998; Sandvik, 2001) . If the winter growth phenomenon is thought of only as an opportunistic behaviour, the costs of growing in winter may be much too high compared with 'summer-green' species growing in non-winter seasons. As we mentioned above, winter growth has an important effect on the summer populations and there are perhaps more species growing in winter, which suggests that there must be some ecological benefits to promote winter growing. To lengthen the growing time and to flower earlier, alpine plants would initiate photosynthesis ahead of snowmelt (Starr and Oberbauer, 2003; Björk and Molau, 2007) , which may start a rapid response to the changes of growing season length and reduce interspecific competition (Björk and Molau, 2007) . Furthermore, some alpine plants are incapable of completing their life cycle within a year and need multiple growing seasons (Billings and Bliss, 1959; Bell and Bliss, 1980) . Therefore, both findings may explain the possible ecological benefits for 'winter-growth' species to risk death to grow in winter.
Unlike the species presently limited in their physiological activity to Niwot Ridge (Bell, 1974) and King Christian Island (Bell and Bliss, 1977) , the species on the eastern QTP showed strong biological activity in winter. The different physiological activities of plants on Niwot Ridge and the eastern QTP may be attributed to the peculiar winter climate. A previous study in the QTP area shows a generalized relationship between PAR and solar radiation (Li and Zhou, 2002) , and our research revealed that the daily total PAR in winter accounted for approx. 50 % of the daily total PAR in summer, which indicated that approx. 50 % of the full solar radiation in summer would be available for use in the winter. Körner and Diemer (1987) demonstrated that alpine species need approx. 20 % full solar radiation to achieve half of their photosynthesis. Meanwhile, snow cover duration in winter on the eastern QTP is often very short, sometimes just 3 d (Liu et al., 2012) . Therefore, plants on the eastern QTP can obtain sufficient solar radiation to conduct photosynthesis. In addition, air temperature in the daytime usually remains above 0 °C and the average daily soil temperature never drops below -4 °C (Fig. 4) . Even down to approx. -6.5 °C, soil biological activities may continue where most of the water has frozen (Bilbrough et al., 2000) . As a consequence, sufficient solar radiation and high temperature enable plants to photosynthesize in winter on the eastern QTP. In contrast, on Niwot Ridge, average snow depths are usually 30-100 cm (Litaor et al., 2008) and, when the light passes through a 20 cm snowpack, only 2-3 % of quantum flux density (QFD) is left (Körner, 2003) . As a result, it is impossible for plants to capture sufficient QFD to maintain growth under deep snow. The same letters indicate no significant differences according to the LSD test (P < 0.05), and different letters indicate significant differences according to the LSD test (P < 0.05).
In our study, a negative correlation between soil moisture and plant growth was observed. Our findings were in contrast to the common view that temperature is the most important constraining factor (Larcher et al., 2010) . In fact, most alpine plants are cold tolerant (Sakai and Otsuka, 1970; Sierra-Almeida et al., 2009; Larcher et al., 2010) and can photosynthesize down to -6 °C (Hadley, 2000) , but plants in a snow-free area might not tolerate soil moisture deficiency (Tranquillini, 1964; Billings and Mooney, 1968) caused by the blockage of water uptake by frozen soil (Mayr et al., 2006) , especially with long exposure to snow-free periods. On the eastern QTP, the winter snow cover duration is so short (Liu et al., 2012) that soil water deficiencies can occur frequently and cause dramatic damage to plant growth.
A separate analysis revealed diversified responses between the soil temperature and the soil moisture, affecting AGB among species. Different life forms may be responsible for this contrast. For hemicryptophyte plants, buds growing beneath the ground can protect the plants from cold temperature. Thus, for hemicryptophyte plants, the soil temperature has no or a positive effect on the AGB. In contrast, for the biennial species, no significant correlations between the soil temperature/ soil moisture and the AGB were found. In other words, other factors may influence the winter growth of these biennial species. Due to the small size of individuals, the biennial gentians often grow under desiccated leaves, and the standing litter from the previous summer would provide a wind barrier and create a microclimate with relatively warm temperatures and moist soil. Therefore, low temperatures and soil water deficiency may not affect the AGB. Nevertheless, protected by the desiccated leaves, the biennial gentians may lose the opportunity to capture sufficient light. Therefore, any factor (such as snowfall) that prevents light from penetrating to the functional leaves may cause the delay of growth and development, and that may explain why the first flowering date of G. spathulifolia was positively correlated with snow cover.
Pearson's correlation analysis showed that air temperature and soil temperature had positive effects on the green-up date of the 'winter-green' species, and the snow cover fraction and soil moisture had negative effects. The results indicated that warmer temperature with drier soil conditions attributed to snow cover reduction would delay the green-up date, and soil moisture, not temperature, was the controlling factor to trigger green-up at our study area where there was relatively scare snowfall in winter. Our result is consistent with the findings of the experimental warming study conducted on the QTP using open-top chambers, which shows that limiting moisture due to increasing temperature constrains plant growth in the early growing season (Ganjurjav et al., 2016) . Although winter soil warming may increase N mineralization and net nitrification (Campbell et al., 2005) , it can also reduce soil water availability by increasing evaporation (Ganjurjav et al., 2016; Suonan et al., 2017) , thus delaying the green-up date in winter. During the freeze-thaw process in the daytime, the snow melt water is the only available water source that plants can utilize when the deep soil has frozen. Therefore, an increase in snowfall in winter may relieve soil water deficiency and promote winter growth, further promoting winter phenology, because we found that D. cespitosa, F. ovina and C. arvense started rapid growth earlier in winter of 2015-2016 due to the increase in snowfall.
In recent years, mechanisms for driving green-up over the QTP have been highly controversial, and some previous work suggested that changes in green-up date were driven by winter and spring warming (Yu et al., 2010; Zhang et al., 2013; Wang et al., 2014a) , while other studies demonstrated that it was driven by pre-season precipitation and temperature (Shen et al., 2011 (Shen et al., , 2013 . Possible reasons for these discrepancies could be partly attributed to undetected plant growth in winter, thus ignoring the potential role of snow cover change on the greenup date in winter. In fact, snowmelt water has been shown to trigger green-up on the QTP (Chen et al., 2015) . Therefore, our findings that the green-up initiates in winter and green-up onset is significantly negatively correlated with snow cover may help to explain the recent debate regarding the factors controlling green-up.
Conclusions
Our study finds that plants on the QTP show an AGB increase in winter -G. spathulifolia even flowers, which contradicts the common view that plants remain dormant in winter on the QTP. Plants growing in winter are classified into two development strategies -'winter-growth' and 'winter-green' -which can remind researchers to take into account the contribution of winter alpine meadow to the global carbon balance and the different responses to soil moisture changes. Almost all the individuals of the summer populations result from winter growth, indicating that winter growth has a substantial influence on the summer population and there are some ecological benefits to permit winter growth, especially for the gentians. Soil moisture from snowmelt is the controlling factor to trigger greenup of 'winter-green' species in winter, not temperature, and a decrease in winter snowfall may worsen winter soil deficiency, further delaying the green-up date -all of which contradicts the traditional view that winter warming advances the green-up date. Thus, the prediction of the green-up trend may be further complicated by snowfall variation in winter.
SUPPLEMENTARY DATA
Supplementary data are available online at https://academic. oup.com/aob and consist of the following. Figure S1 : photographs of the plant community in the study sites. Table S1 : repeated-measures ANOVA for soil temperature and soil moisture. Table S2 : life form composition of 'summer-green' species.
